Pituitary adenomas are benign intracranial neoplasms that are frequently well-controlled with standard treatments that include surgical resection, radiotherapy, and agents that modulate hormonal excess. Unfortunately, a subset of patients remains uncontrolled or develops complications from these interventions. For these patients, chemotherapy is an additional treatment option that could improve outcomes. Temozolomide is an oral chemotherapy with a favorable side-effect profile that has shown activity against pituitary adenomas. Its non-overlapping toxicity and ability to induce rapid tumor regression renders it a potentially important adjunctive treatment. In patients with tumors that cannot be optimally addressed with standard treatments, there may be a role for early initiation of temozolomide.
Pituitary adenomas are common intracranial neoplasms with a prevalence of 15% in autopsy studies and 20% in radiologic studies. 1 The majority of adenomas lack clinical significance and are less than 5 mm in diameter. The pituitary adenomas that cause significant morbidity and mortality are the macroadenomas, which are greater than 1 cm in size, and the functional adenomas. Macroadenomas account for 50% of tumors and are frequently nonfunctional. Greater than 50% of tumors are functional and are frequently microadenomas; of these, 60% -80% secrete prolactin (PRL), 15%-20% secrete growth hormone (GH), and 5%-10% secrete adrenocorticotropic hormone (ACTH). 2 -4 While most pituitary adenomas are well-controlled with current treatments including surgery, radiotherapy, and agents that modulate hormonal excess, some adenomas grow or continue to oversecrete despite maximal intervention. Patients may exhaust conventional options, or they may be poor candidates or unable to tolerate these treatments. For some people with pituitary adenomas, chemotherapy may be worthy of early consideration to decrease morbidity and improve outcomes.
Chemotherapy in the Treatment of Pituitary Adenomas
It has become evident from case literature that pituitary adenomas and carcinomas (adenomas that have developed distant metastases) are chemotherapy-responsive tumors. The literature primarily supports the use of chemotherapy as salvage therapy for heavily pretreated adenomas and carcinomas that exhibit progressive growth despite multiple efforts at resection and irradiation.
Many chemotherapies have been tried, including temozolomide, lomustine, 5-flurouracil, cisplatin, carboplatin, and etoposide, with variable success (Table 1) . 5 -11 Temozolomide has the most literature supporting its use because of its high response rate and favorable side-effect profile. At this time, there are more than100 patients with an aggressive pituitary adenoma or carcinoma who received treatment with temozolomide and are reported in the literature.
Temozolomide is frequently the treatment of last resort for locally aggressive and metastatic pituitary tumors; consequently, a response generally refers to a reduction in tumor size. One challenge in drawing conclusions from case reports and case series is the absence of standardized response criteria. Meaningful responses have been defined as a greater than 20% -80% reduction in size, with a reduction in tumor size sometimes referring to a reduction in tumor volume and occasionally to a reduction in greatest diameter. 12 With this caveat, the response rate may be as high as 55% for aggressive adenomas and as high as 58% for pituitary carcinomas. 13 The largest case series reported the outcome of treatment with temozolomide on 24 consecutive patients at 7 participating institutions, including 16 patients with locally aggressive
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Neuro-Oncology 2016; 0, 1 -7, doi:10.1093/neuonc/now059 pituitary adenomas and 8 with pituitary carcinomas. Of these 24 patients, 21 were considered evaluable, and 16 of these 21 had hormone-secreting tumors. The response rate for this unselected cohort was 48% after a median of 6 cycles of temozolomide dosed at 150 -200 mg/m 2 /day for 5 days every 4 weeks. 12 In addition to the high rate of radiographic response, there were also dramatic reductions in prolactin (PRL), adrenocorticotropic hormone (ACTH), and growth hormone (GH) secretion. 12 The functional tumors that responded radiographically also tended to respond biochemically. Among the 16 functional tumors, hormone levels in all subtypes (PRL-, GH-, and ACTHsecreting tumors) decreased by 53% -98% with normalization of hormone levels in 3 patients. In this and other case series, it has been observed that a response to temozolomide generally occurs after a median of three 4-week cycles ( Figure 1 ). 12, 14, 15 The durability of temozolomide response in this highly pretreated cohort was variable; notably, 2 of the 8 carcinomas had a complete response and did not recur after 48 and 91 months of follow-up after completing 6 and 23 cycles of treatment, respectively. 12 In treatment-naïve tumors, which are typically smaller and less invasive, durable responses may occur at a higher rate.
While a radiographic response rate of 50% is exciting, the response rate may approach 100% in patients whose pituitary adenomas have low O6-methylguanine DNA methyltransferase (MGMT) expression as determined semiquantitatively by immunohistochemistry. 12 MGMT is a DNA repair enzyme that reverses the methylated DNA adducts induced by temozolomide. In glioblastoma (GBM), low expression of MGMT as determined by immunohistochemistry has been associated with responsiveness to temozolomide; 16 however, only MGMT promoter methylation, which results in silencing of the MGMT gene, has been validated as a predictive and prognostic marker. 17 In pituitary adenomas, an inverse relationship between MGMT promoter methylation and MGMT expression has been reported by some, 18, 19 but not all, investigators. 20, 21 At this time, the evidence primarily supports a relationship between treatment response and low MGMT expression by immunohistochemistry as opposed to MGMT promoter methylation, which is technically more reliable. 12, 22 
Risks of Temozolomide Compared With Transsphenoidal Surgery and Radiotherapy
Temozolomide is a well-tolerated alkylating agent; the immediate hematologic toxicities of temozolomide are typically shortlived and easily managed with dose reduction. 23 The other common side effects are nausea, constipation, and fatigue and are relatively mild compared with other chemotherapies. The more worrisome potential complications are delayed and permanent, such as treatment-related myelodysplastic syndrome and treatment-related acute myelogenous leukemia. The incidence is unknown given its rarity; however, it likely occurs in fewer than 0.1% of patients treated with temozolomide. The risk may be related to the duration of treatment, exposure to other alkylating agents, and the length of patient survival, which will be greater in patients with pituitary adenoma than those with GBM. 24, 25 Because of its DNA-damaging effects, temozolomide is teratogenic, and it may reduce fertility (by causing azoospermia and premature ovarian failure) to a greater degree than radiotherapy ( RT), which can cause hypogonadotropic hypogonadism. 26 Fertility preservation efforts may be considered in young patients prior to the start of temozolomide.
The benefits of treating pituitary adenomas with chemotherapy may outweigh the risks, particularly when balancing the risks against the potential hazards of alternative treatments. Transsphenoidal surgery has a relatively low morbidity and an estimated mortality of �0.6% in the general population. A subset of patients who are at high risk of surgical complications and who may benefit from consideration of chemotherapy are those with giant pituitary macroadenomas (macroadenomas greater than 4 cms). These tumors often require staged (1) A greater than 50% reduction in hormone secretion was achieved in 2/7 but only 1/7 had a reduction in tumor size. 5 (2) One patient had a dramatic reduction in PRL secretion but progressed on treatment, the other patient had no response. 6 27 Treatment with temozolomide prior to surgery to decrease tumor volume or following partial resection warrants further study as it may improve outcomes. With regard to RT, the risk of complications may be particularly high for young patients, given their expected longevity. In addition to causing optic neuropathy and radiation necrosis (typically within the first year of treatment), RT increases the risk for cerebrovascular disease over the long term due to exposure of both carotid arteries and the increased risk of focal accelerated atherosclerosis. 28 In a large study including 331 patients with a pituitary adenoma treated with postoperative RT to a median dose of 45 Gy in 20 to 30 fractions, patients had a stroke rate of 4% at 5 years, 11% at 10 years, and 21% at 20 years. 29 Moreover, RT has been associated with secondary malignancies with a 10-year cumulative risk of 2.0% and a 20-year risk of 2.4% (the most common malignancies being meningiomas, sarcomas, gliomas, and primitive neuroectodermal tumors), 30, 31 which is substantially greater than the risk of acute myelogenous leukemia in patients treated with temozolomide. RT is a common cause of hypopituitarism; in a recent meta-analysis including 19,153 adults with hypopituitarism, hypopituitarism was associated with excess mortality due to vasculopathy from pituitary irradiation, metabolic syndrome, and increased prevalence of atherosclerosis related to pituitary insufficiency. 32 Some patients have a relative contraindication to RT, e.g., patients with cancer predisposition syndromes such as neurofibromatosis, who have an increased risk of developing secondary malignancies after treatment with RT, and patients with multiple sclerosis, who are at risk of developing further demyelination from that treatment. These patients may be optimal candidates for early chemotherapy instead of RT. 33 -35 
Recurrent Nonfunctional Pituitary Adenoma
Ready access to MRIs makes it easy to monitor for recurrence or progression and to treat at that time before the tumor causes symptoms. For this reason, postoperative RT is no longer a standard practice, although it may still be justified in high-risk patients. Identifying the tumors that will behave aggressively remains a challenge, given that the World Health Organization grading system provides limited prognostic information. 36 For patients with nonfunctional pituitary adenomas that have recurred or progressed, RT is a standard second-line treatment. Tumor control following treatment of a nonfunctional pituitary adenoma with RT is approximately 90% based on retrospective series. 37 In patients with pituitary adenomas Lin et al.: Early chemotherapy for pituitary adenomas that are within 5 mm of the optic nerve and chiasm or greater than 1 cm, stereotactic radiosurgery often cannot be performed safely, and fractionated RT may be suboptimal. 38, 39 When an optimal outcome cannot be achieved with RT, an initial trial of temozolomide may be reasonable. Tumors that respond to temozolomide may not require further treatment, and a partial response to temozolomide may permit a complete resection or make RT safer and possibly more effective.
Recurrent or Refractory Functional Pituitary Adenomas
Functional pituitary adenomas can cause morbidity through continued oversecretion and by causing complications due to mass effect.
Adrenocorticotropic Hormone and Growth Hormone-secreting Pituitary Adenomas
ACTH-secreting pituitary adenomas are responsible for Cushing disease, whereas GH-secreting adenomas give rise to acromegaly. These 2 conditions have high morbidity and mortality, making it imperative that these patients achieve a biochemical response to treatment. Cushing disease patients have an increased cardiovascular risk (even more so when hormonal hypersecretion is uncontrolled) with a 5-year mortality rate as high as 50%. 40 Acromegalics have an excess mortality of approximately 2-fold compared with the general population; again, much of this excess risk is associated with uncontrolled hypersecretion. 41 For acromegaly, the main causes of death are vascular and respiratory, although there may also be an increased risk of malignancy. 42 Normalizing cortisol levels or the action at the glucocorticoid receptor in patients with Cushing disease and a GH level , 1 mg/L and normalized IGF-1 levels in acromegalics have been associated with improved outcomes. 43 -45 In Cushing disease, it is estimated that only 9% -37% are macroadenomas. 2, 46 First-line therapy in the treatment of ACTH-secreting and GH-secreting pituitary adenomas is transsphenoidal surgery. For ACTH-secreting microadenomas, surgery leads to remission in 65% -90% of patients. 47 For GH-secreting microadenomas, the success rate is equally high with remission rates exceeding 85%, 43 but unlike ACTHsecreting tumors, GH-secreting adenomas are predominantly macroadenomas. 2, 3 The success rate of transsphenoidal surgery in achieving a biochemical response in macroadenomas is low: the remission rate for ACTH-secreting macroadenomas is less than 65% (and just 12.5% by the most stringent criteria), 39, 48 while the remission rate for GH-secreting pituitary macroadenomas is around 40% -50%. 43 Besides tumor size, other factors that negatively impact remission rates include involvement of the cavernous sinus, younger age, and dural invasion. 49 -51 Because of its tolerability and relatively limited toxicity, it may be reasonable in certain cases to consider temozolomide in the neoadjuvant (preoperative) setting for patients deemed incurable by surgery alone due to local invasiveness. Treated tumors are often necrotic, which may facilitate tumor resection 52 and possibly result in improved outcomes.
Given the high morbidity and mortality of patients with Cushing disease or acromegaly and the unsatisfactory response to surgery in a subset of these patients, postoperative adjuvant therapy may be indicated. The clearest indication for postoperative adjuvant treatment is in patients with continued hormonal hypersecretion. 53 Cushing disease patients without postoperative adrenal insufficiency and acromegalics who do not achieve low levels of GH are at high risk for recurrence. 54 -56 Treatment with temozolomide is a potential option that may have a better risk-benefit profile than RT and may be an alternative to observation.
Patients with Cushing disease with a recurrent ACTHsecreting adenoma-who are poor candidates for, refractory to, or intolerant of medical therapies that modulate hormonal excess and are treated with fractionated RT or stereotactic radiosurgery-achieve biochemical control in approximately 50%-60% of cases within 3 -5 years. 44 For GH-secreting pituitary adenomas, response rates are lower at 10% -60%. 43 In addition to the long-term complications of RT, the high failure rate and delayed response ranging from several months to several years, are significant drawbacks to this approach. 57 A subset of patients (particularly individuals with low MGMT expression and a large amount of residual tumor) who are predicted to have a worse response to RT may benefit from a trial of temozolomide prior to RT. Response typically occurs after a few cycles. Again, if adequate control is achieved with temozolomide as a single agent, then no further treatment may be needed; however, if the patient only has a partial response, treatment may then be consolidated with RT.
Finally, in patients with recurrent or metastatic ACTH-secreting tumors who are poor surgical candidates, temozolomide may prevent or postpone the need for bilateral adrenalectomy. While bilateral adrenalectomy remains a potentially life-saving procedure in severe cases of ACTH-secreting tumors, it causes permanent adrenal insufficiency and places patients at risk for Nelson syndrome (ie, progression of the pituitary adenoma from loss of negative feedback) and does not decrease tumor burden-an important consideration given that the pituitary is in a high-risk anatomic location. 58 
Prolactinomas
Prolactinomas are much more responsive to medical therapy than ACTH-and GH-secreting pituitary adenomas. Dopamine agonists frequently result in dramatic reductions in tumor size: a 50% decrease in size is achieved in 64% of patients receiving bromocriptine and in 96% receiving cabergoline. 59 Hence, dopamine agonists are first-line agents even when patients have a visual field deficit due to compression of the optic nerves/chiasm from the tumor. Enlargement of a prolactinoma in spite of treatment or development of complications from dopamine agonists, such as valvular disease from high-dose cabergoline, are the main indications for second-line therapy.
Serum PRL is not normalized in 10%-20% of patients with prolactinomas who are treated with cabergoline. 60 An elevated PRL level is not an immediate indication for a change in treatment. Hyperprolactinemia only needs to be treated when it is preventing pregnancy or causing complications such as osteoporosis, hypogonadism, bothersome hirsutism, or galactorrhea.
When dopamine agonist therapy fails to control the tumor, transsphenoidal surgery is highly effective. It cures 80%-90% of PRL-secreting microadenomas but only 50% of PRL-secreting Lin et al.: Early chemotherapy for pituitary adenomas macroadenomas. 61 RT may control further tumor growth in resistant or malignant prolactinomas, but it normalizes PRL levels in only 25% of cases and may require up to 20 years for the maximal effect to be achieved. 62 Hence, it is possible that chemotherapy is the best treatment option when patients are having complications from hyperprolactinemia, the patient is refractory to a dopamine agonist, and total resection cannot be achieved.
Uncertainties and Future Directions
The literature provides limited guidance on the expected response rate of treatment-naïve pituitary adenomas to temozolomide. The high prevalence of low MGMT expression in nonrecurrent, noninvasive pituitary adenomas suggests early temozolomide may be an option, but unfortunately the reports addressing this issue are conflicting. 18,63 -65 At this time, it is unclear whether temozolomide is more effective for pituitary adenomas when used as monotherapy or used in combination with other treatments. Prior to the randomized phase 3 trial that established concurrent RT and temozolomide followed by 6 cycles of adjuvant temozolomide as the standard of care in GBM, preclinical work suggested that temozolomide acted as a radiosensitizer. 66 It is possible that the most effective use of temozolomide in pituitary adenomas is in conjunction with fractionated RT. Preclinical work also suggests that capecitabine augments the cytotoxicity of temozolomide when it is administered 7-9 days before temozolomide; this finding led to a phase 2 trial (NCT00869050) that investigated this combination in neuroendocrine tumors. Four patients with ACTH-secreting pituitary tumors were treated with temozolomide and capecitabine: 2 patients achieved a complete response, one had a 75% response, and one had stable disease. All 4 patients were found to have low MGMT expression by immunohistochemistry, so the high rate of response may be due to the temozolomide alone. 67 The optimal dosing schedule for temozolomide when used as monotherapy for pituitary adenoma remains unanswered. The most common dosing schedule for temozolomide is 150 -200 mg/m 2 /day for 5 days every 4 weeks. The optimal duration of treatment is unknown. In the landmark trial that resulted in FDA approval for use in GBM, patients were treated with 6 cycles of adjuvant temozolomide; 23 however, in practice, patients with GBM generally receive between 6 and 24 cycles. The rationale for a shorter course of treatment, particularly in patients with pituitary adenomas, is that temozolomide causes cumulative bone marrow toxicity, and individuals with pituitary tumors are more likely to be long-term survivors.
Whole-exome sequencing of pituitary adenomas may identify additional molecular markers (other than MGMT expression) that may predict treatment response. It has already identified potentially targetable mutations in ACTH-secreting pituitary adenomas that have the potential to change clinical practice. A USP8 deubiquitinase mutation has been found in a subset of ACTH-secreting pituitary adenomas. 68 USP8 mutations result in upregulation of the epithelial growth factor receptor (EGFR), suggesting that such patients may be sensitive to EGFR tyrosine kinase inhibitors such as lapatinib, although this remains untested.
Conclusion
The use of temozolomide in the treatment of malignant pituitary adenomas has begun to enter treatment guidelines based on case reports (the lowest quality of evidence). 60 While most pituitary adenomas can be controlled with current standard treatments, some tumors remain uncontrolled despite maximal intervention, and some patients have complications from surgery and RT. These patients should be considered for chemotherapy, particularly temozolomide, but may also warrant the exploration of tyrosine kinase inhibitors and other targeted therapies. Temozolomide is a highly effective treatment in an appropriately selected population and may be superior to the current standard of care for some patients. Clinical trials that define the best predictors of response to temozolomide, the expected response rate, and indications for use are urgently needed.
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